We hypothesized that an in vitro, stretch-based model of neural injury may be useful to identify compounds that decrease the cellular damage in neurotrauma.
Introduction
Traumatic brain injury (TBI) is a serious public health problem with 2.5 million cases anually, causing permanent disability and death (Peeters et al., 2015; Dewan et al., 2016; Laskowitz and Grant, 2016) . After the initial mechanical insult that causes the primary injury, secondary injury develops, which involves a range of cellular processes including oxidative stress. Secondary injury includes vascular/haemodynamic processes (including ischaemia, cerebral hypoxia, hypotension, cerebral oedema and vascular dysfunction including loss of the blood-brain barrier and elevated intracranial pressure) as well as a variety of other processes including excitatory neurotransmitter release and associated neurotoxicity. Even more delayed processes include various forms of neurodegeneration. These delayed processes are responsible for a significant part for the TBI-induced neural damage (DeWitt et al., 1995; Bramlett and Dietrich, 2007; DeWitt and Prough, 2009; Abdul-Muneer et al., 2015; Kochanek et al., 2015; Laskowitz and Grant, 2016; Pearn et al., 2016) .
The first goal of the current study was to develop an in vitro, stretch-based model of neural injury that could be applied to cell-based screening to search for drugs or lead compounds that may decrease the cellular damage in neurotrauma and/or improve recovery. During model development, we evaluated three cell lines that were previously used in neural injury models: the B35 cells were used in ROSmediated (Chong et al., 2012) and oxygen glucose deprivation/re-oxygenation injury models (Croslan et al., 2008) ; the RN33B cells were used in T-cell mediated cell lysis (White et al., 1994) and a succinate dehydrogenase inhibitor (3-nitropropionic acid)-induced injury model (Rodrigues et al., 2000) ; and the SH-SY5Y cells were used in a stretch-injury model (Skotak et al., 2012) . After selecting B35 cells for medium-throughput screening, and after identifying the conditions for cell injury that involved a combination of rapid stretch injury (RSI) and oxidative stress, we have conducted a medium-throughput screen. The screen has identified several neuroprotective molecules; we have characterized the mode of cytoprotective action for one selected drug (rifampicin), in further detail.
Methods

Cell culture
B35 rat neuroblastoma cells, RN33B rat medullary neural cells and SH-SY5Y human neuroblastoma cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA). B35 cells were derived from N-nitrosoethylurea-induced CNS tumours, and retain GABAergic and cholinergic characteristics: they show glutamic acid decarboxylase and choline acetyltransferase activities and express GABA (Tyndale et al., 1994) . B35 cells were maintained in DMEM (Invitrogen, Carlsbad, CA) containing 4.5 g·L À1 glucose supplemented with 10% FBS (Hyclone, Logan, UT), 2 mM glutamine, 100 IU·mL À1 penicillin and 100 μg·mL À1 streptomycin (Invitrogen, Carlsbad, CA) at 37°C in 5% CO 2 atmosphere. The RN33B cell line was derived from cells of medullary raphe nuclei by infection with a retrovirus encoding the temperature-sensitive mutant of SV40 large T antigen (Whittemore and White, 1993) . The cells were maintained in 1:1 mixture of DMEM and Ham's Nutrient mixture F12 (F12, Invitrogen, Carlsbad, CA) supplemented with 2.5 mM glutamine, 15 mM HEPES, 0.5 mM sodium pyruvate, 10% FBS, 100 IU·mL À1 penicillin and 100 μg·mL À1 streptomycin at 33°C in 5% CO 2 atmosphere. The cells divide at the permissive temperature (33°C) and express vimentin, nestin, diffuse neuron-specific enolase and neurofilaments. At the non-permissive temperature (37 to 39°C) SV40 T antigen expression is decreased, the cells cease mitotic activity and differentiate to neuronal cells. Differentiated RN33B cells if returned to 33°C do not de-differentiate or begin dividing, although they re-express the T antigen. SH-SY5Y human neuroblastoma cells (Skotak et al., 2012) originate from a metastatic bone tumour and were maintained in 1:1 mixture of Eagle's Minimum Essential Medium (MEM, Invitrogen, Carlsbad, CA) and F12 medium supplemented with 10% FBS, 1 mM pyruvate, 100 IU·mL À1 penicillin and 100 μg·mL À1 streptomycin at 37°C in 5% CO 2 atmosphere. All three cell lines were maintained in collagen-coated tissue culture vessels (BioCoat ™ Collagen I culture flasks, Becton Dickinson
BioSciences/Falcon, Bedford, MA).
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Prior to stretch injury, cells were plated to 24-well high throughput Bioflex culture plates (Flexcell International Corporation, Hillsborough, NC) pre-coated with collagen type I, 0.01% poly-D-Lysine (PDL, Sigma-Aldrich, Saint Louis, MO) and 1 μg·mL À1 mouse laminin (Invitrogen, Carlsbad, CA) and grown until they reached 80% confluency. The three cell lines obtained for design and optimization of the model were subjected to two differentiation protocols each: B35 and SHY5Y cells were exposed to either 10 μM all-trans retinoic acid (ATRA) or butyrate for chemical induction, whereas the temperature-sensitive RN33B cells were exposed to either DMEM/F12 or B16 media at an elevated temperature (39°C). The degree of differentiation was assessed through observation of morphological attributes as well as quantification of differentiation markers at the mRNA and protein levels.
RNA isolation and gene expression arrays
NTotal RNA was isolated from differentiated cells and nondifferentiated controls (n = 4 per group) using a commercial RNA purification kit (SV total RNA isolation kit, Promega, Madison, WI). Approximately 0.5 μg RNA was reverse transcribed using the High Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA) as described (Gero et al., 2013) ; 0.5 μg RNA was used according to the manufacturer's protocol for gene expression measurements using the rat and human neurogenesis real-time PCR arrays (PARN-404ZD and PAHS-404ZD, SA Biosciences, Frederick, MD) on CFX96 thermocycler (Biorad, Hercules, CA) and analysed with the tool provided by SA Biosciences. Expression values relative to the non-differentiated control cells were calculated.
Proteomic analysis
B35 cells that were either undifferentiated, differentiated to 5 days under the ATRA and serum deprivation protocol with either no injury or undergone the in vitro stretch injury were collected and submitted for MS analysis of proteomic profiles. The procedures used for proteomics analysis of protein analysis were adapted from our laboratory and other previously published protocols (Olsen et al., 2004; Wang et al., 2010; Nicholas et al., 2015) . Cell pellets were lysed in RIPA lysis buffer (Santa Cruz Biotechnology, CA) supplemented with 1% Nonidet P40, PMSF (0.2 mM), and protease inhibitor cocktail (Roche, one tablet 10 mL À1 ). The protein mixture was centrifuged and the supernatant transferred into a clean tube. The protein concentration in the supernatant was determined by bicinchoninic acid assay (Smith et al., 1985) . Approximately 60 μg of each protein sample was resuspended in 25 mM triethylammonium bicarbonate buffer, pH 7.8. The protein solution was reduced by the addition of 10 mM TCEP [tris(2-carboxyethyl)phosphine] and incubation at 50°C for 30 min, followed by carboxymethylation with 25 mM iodoacetamide in the dark for 1 h. The proteins were precipitated by the addition of 4 volumes of À20°C precooled acetone and stored at À20°C overnight. The protein was pelleted by centrifugation at 15 000 × g for 10 min, and the supernatant was discarded. The protein was washed by 0.5 mL À20°C precooled acetone and dried in chemical hood overnight after removal of acetone. The protein pellet was dissolved in 25 mM triethylammonium bicarbonate buffer and digested with trypsin at a protein/ trypsin enzyme ratio of 25:1 (by mass) for 10 h at 37°C. The TMT (Tandem Mass Tag) isobaric Mass Tagging Kit (Thermo-Fisher Scientific) was used to label the peptides by following the manufacturer's recommendations. After desaltation with a spin-column with Hypercarb packing material (Thermo-Fisher Scientific), the eluted peptides with 60% acetonitrile were SpeedVac dried, re-dissolved in 1% formic acid, and then subjected to LC-MS/MS analysis. Quantitation was carried out on the Thermo QExactive mass spectrometer. Peptides were separated by online reverse phase liquid chromatography (RPLC) using home-packed C 18 capillary columns (15 cm long, 75 μm i.d., 3-μm particle size) with a 250-min gradient (solvent A, 0.1% FA in water; solvent B, 0.1% FA in ACN) from 5-30% solvent B. Approximately 2 μg of peptide sample was injected. An Orbitrap mass analyser was used to acquire data at 35 000 resolution (FWHM) for the parent full-scan mass spectrum followed by data-dependent high collision-energy dissociation (HCD) MS/MS spectra for the top 15 most abundant ions acquired at 7500 resolution. Six injections were performed. Data were processed and searched using the Thermo Scientific Proteome Discoverer software suite 1.4 with MASCOT/Sequest combined search engines and the Rattus norvegicus data bases (Swiss_Prot 2014.10 for Sequest and NCBinr for MASCOT). Approximately 10 ppm precursor ion mass tolerance and 0.1 Da fragment ion tolerance was applied for searching peptides. Peptides were filtered based on a false discovery rate cut-off of 1% (strict) and 5% (relaxed). Cysteine S-carbamidomethylation as fixed modification, methionine oxidation as variable modification, and up to two missing cleavages were considered during searching.
Viability assays: MTTassay, LDH release assay and ATP assay
The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay and LDH activity measurements were performed as previously described (Gero et al., 2013) . Briefly, the cells were incubated in medium containing 0.5 mg·mL À1 MTT (Calbiochem, EMD BioSciences, San Diego, CA) for 1 h at 37°C at 5% CO 2 atmosphere. The converted formazan dye was dissolved in isopropanol, and the absorbance was measured at 570 nm. (Gero and Szabo, 2015) . The cells were lysed in 300 μL of CellTiter-Glo reagent according to the manufacturer's recommendations and the luminescent signal was recorded for 1 s on a high sensitivity luminometer (Synergy 2, Biotek, Winooski, VT, USA), and data were expressed as relative luminescence units. The assay is based on ATP requiring luciferin-oxyluciferin conversion mediated by a thermostable luciferase that generates a stable 'glow-type' luminescent signal.
Cell culture and preparation for stretch experiments
Rat hippocampal neuroblastoma cell line (B35) was maintained in growth medium (DMEM F0415, Biochrom GmbH, Berlin, Germany) containing 15% FBS (SH30910.03, HyClone), 4.5 g·L À1 glucose, 4 mM glutamine, and the combination of 100 U·mL À1 penicillin and 100 μg·mL À1 streptomycin. Cells were cultured on 24-well medium-throughput plates with silicone-based deformable membrane surfaces (1.56 cm 2 per well) coated with Collagen I (HTP-3001C, Flexcell International, Hillsborough, NC) at a cell density of 32 000 cells cm À2 (equivalent to 50 000 cells per well). Cells were kept in growth media to adhere overnight (37°C, 5% CO 2 ), and the following day were induced by combination of serum deprivation and chemical induction afforded by a change in media containing 1% (w/v) bovine serum albumin and 10 μM ATRA instead of 15% FBS. Cell culture medium was changed on Day 3 to a modified differentiation medium that replaced 1% bovine serum albumin with 1% FBS in order to minimize cell loss during differentiation while maintaining conditions of relative serum starvation. On the fifth day of differentiation, cells were subjected to in vitro injury.
In vitro TBI screening for neuroprotective compounds 
Extracellular flux analysis
Cells (treated either with vehicle or rifampicin) were subjected to TBI for 24 h. After 24 h, cells were collected by trypsinization (0.05% trypsin, 1 min in 37°C, 5% CO 2 ), counted by Trypan blue assay, centrifuged (220 × g, 5 min, 22°C) and resuspended in culture medium (supplemented with either rifampicin or vehicle) and re-plated onto XF24 tissue culture treated cell culture microplates (V7-PS, Part no. 100777-004) previously coated with PDL (mg·cm À2 ) at 40 000 cells per well in a volume of 150 μL. Seahorse plates containing cells were centrifuged at 2000 × g for 1 min in both orientations to ensure cells were homogeneously adhered to the bottom surface of the plate in a single layer. Wells were supplemented with an additional 350 μL medium (again, with either rifampicin or vehicle added) to yield a total volume of 500 μL media and subjected to overnight incubation at 5% CO 2 , 37°C. Before the extracellular flux analysis was run, the medium was changed to Seahorse medium (10 g·L À1 DMEM low glucose powder containing 1 g·L À1 glucose supplemented with D-glucose to reach the final concentration of 10 g·L À1 glucose, 4 mM glutamine, 1 mM Na pyruvate, and pH 7.4, adjusted with KOH). These were allowed to incubate at 37°C in a CO 2 -free environment for 1 h prior to starting measurement by the Extracellular Flux Analyzer (XF24 Extracellular Flux Analyzer, Seahorse Bioscience, Billerica, MA) as previously described (Dranka et al., 2011; Módis et al., 2013) . Cartridges were loaded in the and rotenone ([20 μM]) . Oxygen consumption rate and other bioenergetic parameters were calculated as described (Módis et al., 2013) . Normalization of extracellular flux analysis data was achieved through a Hoechst staining protocol (Chazotte, 2011) . In brief, after extracellular flux analysis, media was carefully aspirated off of cells and replaced with with 60 μL 10 μM Hoechst H33342 dye in PBS containing calcium and magnesium (HyClone). Cells were incubated for 30 min at 37°C after which staining solution was aspirated off, cells were rinsed with PBS containing calcium and magnesium, and 100 μL phenol red-free DMEM supplemented with 1 g·L À1 glucose, 2 mM glutamine, and was added to cells immediately before reading in spectrophotometer measuring fluorescence at excitation 360 nm, emission 460 nm.
Flow cytometry analysis of cell death
Approximately 300 000 cells per treatment condition (six wells per experiment) were trypsinized (0.05% trypsin, 1 min, 37°C) and pooled from the stretch plates, washed twice in chilled PBS and centrifuged at 220 × g, for 5 min at room temperature. Next, the protocol from BD PE Annexin V apoptosis staining kit (BD Pharmingen, 559763) was applied according to the manufacturer's instructions and as previously described (Chao et al., 2016) . In brief, the cell pellet was resuspended in 1× Binding Buffer. A 1/20 volume equivalent of each dye (PE Annexin V, 7 AAD) was added to 100 μL cell suspension, and these were incubated in the dark, 22°C, 15 min. The mixture was further diluted fivefold with binding buffer and two-channel flow cytometry was used to detect early and late apoptotic as well as dead cells (PE Annexin V vs 7-AAD) within 1 h.
RSI in human fetal neural stem cell-derived neurons
The K048 line of human neural stem cells (hNSCs), originally derived from the cortex of an 8 week human fetus, was propagated in vitro as described previously (Wu et al., 2002) . Briefly, cells were grown as neurospheres in DMEM/F12 basic media supplemented with 20 ng·mL À1 epidermal growth factor, 20 ng·mL À1 fibroblast growth factor 2, 10 ng·mL À1 leukaemia inhibitor factor and N 2 ; and passaged every 10 days. Neural differentiation of hNSCs was done based on our previous description with minor modification laminin for 4 days, and then switched to DMEM/F12 medium with WW1 for 10 days with two thirds of the medium replaced every 3-4 days. Differentiated hNSCs were subjected to RSI (peak pressure of 62 kPa) using a Cell Injury Controller II (Custom Design & Fabrication Inc., Sandston, VA) as described . Thirty minutes before RSI, rifampicin or vehicle was added into
Figure 1
Differentiation-associated gene expression changes in neural cells. Expression levels of genes associated with neural differentiation were evaluated using neurogenesis PCR arrays. Gene symbols and average fold changes are shown compared with non-differentiated control cells on a coloured background that highlights the changes in expression levels. (A) B35 neuroblastoma cells, differentiated by exposure to ATRA (10 μM) or sodium butyrate (Butyr., 300 μM). (B) RN33B neural cells, differentiated by exposure to 39°C in serum-free B16 or DMEM/F12 medium. (C) SH-SY5Y neuroblastoma cells, differentiated by exposure to ATRA (10 μM) or sodium butyrate (300 μM).
each well at various concentrations (10, 30 and 100 μM), followed by two thirds of the medium replaced with fresh differentiation media containing vehicle or rifampicin daily for additional 4 days. One day after stretch injury on differentiated hNSCs, medium aliquots from each treatment were collected for assessment of LDH release as described above. In addition, 1 day after SI, a subset of differentiated hNSCs was subjected to staining with Fluoro-Jade C (HistoChem Inc., Jefferson, AR). Briefly, cells were incubated with 0.06% potassium permanganate (Fisher Scientific, Fair Lawn, NJ) in tap water for 1 min, rinsed with tap water for 2 min, and then followed by an incubation with 0.0001% Fluoro-Jade C and 0.1% acetic acid in tap water for 10 min. Stained cells were briefly washed in tap water three times and mounted with acidic mounting media. Four days after stretch injury, differentiated hNSCs were fixed with 4% paraformaldehyde and subjected to immunofluorescent staining as described before . Neurons were labelled by mouse monoclonal antineuronal class III β-tubulin (TuJ1, 1:2500, Covance), and visualized by goat anti-mouse IgG conjugated with Alexa Fluor® 568 (Invitrogen/Molecular Probes, 1:400). Nuclei were counterstained with DAPI (Sigma). Images were acquired by a Nikon 80i epifluorescent microscope using the NIS-Elements imaging software.
Data and statistical analysis
The data and statistical analysis in this study comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Statistical analyses were carried out with the GraphPad Prism Version 4 software (GraphPad Software, San Diego, CA). ANOVA with Tukey's or Fisher's post test was used for comparing multiple groups. In the studies using stem cell-derived neurons, the number of TuJ1-labelled neurons was blindly counted and aided by NIS-Elements imaging software. The length of each neurite was measured from the edge of soma to the longest traceable terminal. Approximately 800 neurons labelled with TuJ1 from 14 randomly selected fields from three independent experiments were included for quantitative assessments.
Materials
All chemicals and reagents, unless otherwise noted, were purchased from Sigma-Aldrich. 
Results
An in vitro TBI model consisting of RSI and oxidative stress induces delayed cell death in differentiated B35 neural cells
To develop the experimental model used for the current medium-throughput drug screening project, we initially evaluated three neural cell lines in an in vitro stretch- , measured 24 h after the stretch injury. Significantly reduced viability and increased LDH release was measured in cells subjected to the most intense strain (À80 kPa pressure, 14% elongation). Data are shown as mean AE SEM, n = 5. *P < 0.05, significant differences in LDH release 24 h after RSI compared to control cells not subjected to stretch injury.
injury model, combined with oxidative stress. We differentiated the cells on flexible bottomed Bioflex culture plates coated with collagen I, poly-D-lysine and laminin that were previously found optimal for the human stem cell derived neural cells . Differentiation was initiated with retinoic acid (ATRA) or butyrate in the Figure 4 RSI induces delayed cell death in ATRA-differentiated B35 cells. Neural cells were grown on HT Bioflex culture plates and B35 (A) and SH-SY5Y (C) cells were differentiated by exposure to ATRA or butyrate, RN33B cells (B) by exposure to 39°C in serum-free B16 or DMEM/F12 medium. The cells were exposed to stretch injury (À80 kPa, 2 s) on the Flexcell Tension System and the cell death was also confirmed by measuring the LDH release in the cell culture supernatant 2, 48 and 72 h after the injury. Cell viability was measured by the MTT viability assay and by quantification of the ATP content of the cells 48 and 72 h following the initial injury. Data are shown as mean AE SEM, n = 5. *P < 0.05, significant injury (increased LDH release, decreased MTT conversion or decreased ATP content) compared with the respective control cells not subjected to stretch injury.
B35 and SH-SY5Y cells and by serum deprivation in the RN33B cells either in B16 medium or in DMEM. Differentiation also induced robust changes in gene expression (Figure 1 , Supporting Information Table S1 ). The three cell types showed different gene expression profiles during differentiation, but the expression patterns showed similarity in each cell type irrespective of the differentiation agents used. Neurogenins, the basic helix-loop-helix (bHLH) transcription factors that regulate neural development (Yuan and Hassan, 2014) , were up-regulated in all cell types, but while in the B35 cells neurogenin-1 up-regulation was the dominant process, neurogenin-2 was induced in SH-SY5Y cells and both neurogenins were up-regulated in RN33B cells (Figure 1 ). Neurogenins promote neural differentiation in collaboration with bone morphogenetic proteins (Bmp2, Bmp4 and Bmp8a), which are also upregulated in all three cell types, and inhibit gliogenesis via blocking the LIF-STAT3 (leukaemia inhibitory factor, Signal transducer and activator of transcription 3) pathway (Morrison, 2011) . The neural fate marker Sox2 (sex determining region Y-box 2) (Dailey and Basilico, 2001 ) and Pou3f3 (POU class 3 homeobox 3) transcription factors were also expressed in selected lines. While the expression of the above neural progenitor markers was retained, all lineages expressed immature neuron markers (e.g. doublecortin and DCX) as well as differentiated neuronal cell markers). All lineages showed an overlapping neuronal phenotype: they expressed cholinergic (acetylcholinesterase, Ache; choline acetyltransferase, Chat and muscarinic M 2 receptor, Chrm2), dopaminergic (tyrosine hydroxylase, Th; and D 2 dopamine receptor, Drd2) and glutamatergic markers (N-methyl-D-aspartate receptor, Grin1) at various levels. All cell lines stopped dividing during differentiation: the proliferation marker ID-1 (DNA-binding protein inhibitor ID-1) was markedly reduced in the differentiated cells (Figure 2A ). Cell differentiation was also associated with changes in the cellular morphology: the cells grew long neurites with multiple branches ( Figure 2B ) that predicted increased vulnerability to mechanical trauma. Stretch injury was carried out using the Flexcell Tension System that can induce controlled equibiaxial strain to monolayers on the silicone elastomer culture surface of Bioflex plates. The Flexcell Tension System uses vacuum to control the expansion of the silicone membrane and is capable to induce 2-14% elongation of the HT Bioflex plates ( Figure 3A) . We subjected ATRA-differentiated B35 cells to various elongation procedures to determine the cellular damage induced by them. LDH release was measured in the cell culture supernatant 2 and 24 h after the stretch injury and the cellular viability was measured after 24 h by the MTT assay. No detectable change in the LDH level of the cell culture supernatant was seen after 2 h ( Figure 3B ), confirming that the stretch injury did not induce immediate cellular damage. No significant changes were detectable after 24 h either when the elongation was less than 10%, but the cellular viability was significantly reduced and increased LDH activity was seen in the supernatant after 10-14% elongation ( Figure 3C,D) . In line with the findings reported in a model of RSI of human stem cell derived neural cells , the cell damage occurs after a prolonged interval following the stretch in B35 cells and the late-onset damage is proportional to the elongation.
Next, we tested the effect of stretch injury in the SH-SY5Y cells and both neurogenins were up-regulated in RN33B cells, using the most intense elongation setting (À80 kPa pressure, 14% elongation) and monitored cell viability 48 and 72 h following the stretch. No change was detectable in the LDH release compared with nonstretched controls in any of the lineages 2 h following the injury (Figure 4) . The ATRA-differentiated B35 cells showed reduced viability and increased LDH release at the later time points (48-72 h), but cell death was not detectable in the other cell lines. Cellular ATP level was diminished in response to RSI in the ATRA-differentiated B35 cells, but not in the other cells (Figure 4) .
As the degree of cell injury in response to RSI alone was absent in the SH-SY5Y cells and in the RN33B cells, and was relatively modest (less than 30%) in the B35 cells, we combined the stretch injury with mild oxidative stress: hydrogen peroxide (H 2 O 2 ) was added following the injury at a concentration that did not induce cell death by itself in non-stretched neural cells ( Figure 5A ). The combination of the stretch injury with subsequent H 2 O 2 treatment augmented cell death in B35 cells 24 h after the injury and also reduced the intra-and inter-assay variability that improved the assay conditions for the planned subsequent mediumthroughput screening. Cells subjected to the combined stretch + oxidative challenge also showed increased α smooth muscle actin expression following the injury (Figure 5B ), Figure 5 Oxidative stress augments the RSI-induced cell death in ATRA-differentiated B35 cells. ATRA-differentiated B35 cells were subjected to stretch injury (À80 kPa, 2 s) and subsequently treated with H 2 O 2 (50 μM). (A) Cell injury was detected by measuring the LDH release into the supernatant from samples collected prior to and following the stretch injury (0.5, 2 and 24 h). H 2 O 2 significantly potentiates the cytotoxic action of the stretch. The combination of RSI (30 cycles, 0.67 Hz, À80 kPa) and oxidative stress (50 μM H 2 O 2 ) is henceforth referred to as an 'in vitro TBI injury model'. Data are shown as mean-AE SEM, n = 5. *P < 0.05, significant injury by the combination of RSI and oxidative stress. B: Expression level of α-smooth muscle actin (SMA), detected by Western blotting, at various time points after stretch injury. Western blot shows representative of blots conducted on n = 3 experimental days.
which is a sensitive marker of traumatic axonal injury both in vivo and in vitro (Wang et al., 2012) , consistently with the notion that this model shares mechanistic features with previously established models. (159) were up-regulated and 3.2% (131) were down-regulated in TBI conditions -a combination of RSI (30 cycles, 0.67 Hz, À80 kPa) and oxidative stress (50 μM H 2 O 2 ) -relative to either differentiated alone or undifferentiated cells. (B) Of the TBI up-regulated proteins, partial up-regulation was attributable to differentiation in four cases, and differentiation alone induced down-regulation of 109 proteins, while the last 46 proteins were unaffected by the process of differentiation and up-regulated solely due to TBI. (C) Of the TBI down-regulated proteins, partial down-regulation was attributable to differentiation in 28 cases, and differentiation alone induced up-regulation of 91 proteins, whereas the last 76 were unaffected by the process of differentiation and were down-regulated solely due to TBI. (D) Functional classification of the proteins that were up-or downregulated by the in vitro TBI model.
The cellular responses to our in vitro TBI model (which is what the above combination of RSI and oxidative stress is designated for the current report) were further characterized by proteomic analysis. MS of undifferentiated and differentiated B35 cells that were either non injured or undergone TBI revealed that 3.9% (159) of the 4093 identified proteins were up-regulated, and 3.2% (131 proteins) were down-regulated in TBI relative to other other conditions ( Figure 6A , Supporting Information Table S2 ). Of the 159 proteins upregulated in TBI, four were partially up-regulated in the differentiation only condition relative to undifferentiated cells, 46 did not have expression level changes attributable to differentiation alone, and 109 were down-regulated in response to differentiation alone though up-regulated in TBI ( Figure 6B ). Of the 131 proteins down-regulated in TBI, three were partially down-regulated due to differentiation alone, 38 underwent no expression change due to differentiation, and 90 were upregulated in differentiation though down-regulated upon TBI ( Figure 6C ). The proteins affected belonged to several classes, including structural, catalytic, binding and enzyme regulators ( Figure 6D ).
Screening of a composite library of clinical drugs and well-characterized compounds in the in vitro TBI model
The experimental design of the screen is shown in Figure 7A . The sources of the compound libraries are shown in Table 1 . After differentiation, RSI and H 2 O 2 challenge (as above) a 1-h incubation occurred, after which test compounds were added to the stretch plates. Delayed administration of the test compounds was applied, in order to mimic the clinical condition (TBI), in which pretreatment with drugs or experimental compounds are normally not feasible. LDH and MTT assays were conducted 24 h later. A scatter plot was compiled from the experimental data set in which every data point was expressed as coordinate Z scores calculated from both LDH release and MTT conversions measures. The corresponding control-derived cut-offs were equivalent to Z MTT = +1.011 and Z LDH = À0.995. The LDH and MTT Z scores are depicted on the vertical, and horizontal axes, in the scatterplot shown in Figure 7B . Vehicle-treated cells subjected to TBI were pooled into a single control data set from which cut-off values were calculated for the experimental data set. When selecting compounds that showed three control-defined standard deviations below the average control LDH release as well as three control-defined standard deviations above the average control MTT release, 223 compounds satisfied the MTT filter, 54 satisfied the LDH filter, and six compounds satisfied both. Thus, six drugs (indapamide, captopril, rifampicin, cephradine, camphor and etoposide) were identified from the screen as potential hits. These compounds were subjected to follow-up studies. For each of the hits, dose responses were obtained in the concentration range of 1-100 μM, which confirmed the inhibitory action of five of the identified compounds, while neuroprotective effect of cephradine could not be confirmed (Figure 8 ).
Rifampicin-mediated neuroprotection: mechanistic studies
From the identified hit molecules, the antibiotic rifampicin was selected for follow-up studies. First, the effect of rifampicin on cell death was evaluated using flow cytometry. The in vitro TBI model increased the percentage of late apoptotic and necrotic cell population; rifampicin (10, 30 and 100 μM) protected against cell death ( Figure 9A) . Next, the effect of rifampicin on bioenergetic alterations was investigated using Extracellular Flux analysis. The in vitro TBI model decreased mitochondrial function; rifampicin (30 μM) protected against the suppression of maximal mitochondrial respiration and of the mitochondrial reserve capacity ( Figure 9B ). Since rifampicin has previously been
Figure 7
Results of the medium-throughput screen using the in vitro TBI model. (A) B35 cells were differentiated through a combination of serum deprivation and chemical induction with 10 μM ATRA media supplement. At the fifth day of differentiation, cells were subjected to the in vitro TBI model: a combination of RSI (30 cycles, 0.67 Hz, À80 kPa) and oxidative stress (50 μM H 2 O 2 ). Test compounds were applied 1 h later at a final concentration of 3 μM. Baseline and 24 h endpoint measures were used to assess the 'neuroprotective character' of drugs in the screen. (B) Injured and vehicle-treated controls were assessed to provide LDH and MTT score cut-offs of Mean CTL, LDH -3SD CTL and Mean CTL,MTT + 3SD CTL , which corresponded to LDH score = 143.7 and MTT score = 126.5. The scatter plot above shows Z scores within the screening data set generated such that the control-derived cut-offs fell along Z = 1.011 for the MTT axis and Z = À0.995 for the LDH axis. This revealed 223 compounds that satisfied the MTT requirement and 54 compounds satisfying the LDH requirement. The overlap of these two regions identified six compounds (rifampicin, indapamide, captopril, etoposide, cephadrine and D-camphor) that were designated as potential 'hit compounds' and were subjected to follow-up studies.
identified as a protein phosphatase A2 inhibitor (Park et al., 2008) , we next tested whether inhibition of protein phosphatase -using the commonly used PPA2 inhibitor okadaic acid protects in the current in vitro TBI injury model. Okadaic acid was without significant protective effect, neither in pretreatment nor in a 3 h post-treatment experiment (Supporting Information Figure S1A ). Because oxidative stress is a significant component of TBI in vivo and in vitro (Hoffman et al., 2000; Li et al., 2010; AbdulMuneer et al., 2015; Hiebert et al., 2015; Kochanek et al., 2015) , and as rifampicin has previously been shown to exert antioxidant effects (Wasil et al., 1988; Tomiyama et al., 1996) , we have also tested whether rifampicin protects against a purely oxidative type injury in differentiated B35 cells. A high concentration of H 2 O 2 (500 μM) induced a significant amount of LDH release, and pretreatment with rifampicin concentration-dependently protected against this response (Supporting Information Figure S1B ).
To further confirm the neuroprotective effect of rifampicin, its effect was also tested in normal hNSC derived neurons subjected to RSI. The stem cells were differentiated into neurons and astrocytes and then subjected to a RSI. As shown in Figure 10A , about 20% differentiated cells were stained with Fluoro-Jade C (FJC), whereas stretch injury significantly increased the number of FJC + cells approximately 1.5 fold at 24 h. Treatment with rifampicin significantly reduced the percentage of cells (approximately 34%) exhibiting FJC staining. When cells were maintained for 4 days after injury, there was a 28% reduction of TuJ-1 immuno-labelled neurons and a 44% shortening of the mean neurite length (Figure 10  B) . Rifampicin (30 μM) prevented the SI-induced neuronal loss, and significantly reduced the SI-induced neurite length shortening response.
Discussion
The first purpose of the current study was to establish an in vitro, stretch-based model of neural injury. The second purpose of the study was to screen a composite library of clinically used drugs and compounds, in order to facilitate the in vitro identification of compounds that may have the potential to decrease the cellular damage in neurotrauma in vivo. From the screening of three neuronal cell lines (B35, RN33B and SH-SY5Y) and several differentiation methods, ATRAdifferentiated B35 cells were selected for the screen; the Neuroprotective effect of rifampicin BJP neuroinjury was induced by the combination of RSI and a low concentration of H 2 O 2 , which, on its own, did not result in detectable loss of neuronal viability. The combination of these two sources of injury is justified by considering the pathomechanisms of clinical TBI, where the initial mechanical trauma is often followed by oxidative stress, which is the consequence of not only the initial mechanical trauma, but the subsequent circulatory and vascular disturbances and inflammatory processes, which generate a variety of oxygenand nitrogen-derived oxidants and free radicals, including superoxide, hydrogen peroxide and peroxynitrite (DeWitt et al., 1995; Bramlett and Dietrich, 2007; DeWitt and Prough, 2009; Abdul-Muneer et al., 2015; Kochanek et al., 2015; Laskowitz and Grant, 2016; Pearn et al., 2016) . Many in vitro models of TBI have previously been developed; as reviewed by Morrison et al. (2011) ll of these approaches attempt to incorporate various pathophysiological aspects of the in vivo disease condition into the in vitro model, reproducing in these in vitro models some (but obviously not all) of the pathophysiological events of the in vivo TBI (Lamprecht et al., 2016) . Combination approaches for establishing in vitro models of TBI have previously been developed; for instance, the combination of stretch and ischaemic injury has been employed in cultured mouse cortical cells (Glass et al., 2004; Engel et al., 2005) , the combination of stretch and NDMA receptor activation has also been employed by several groups (Arundine et al., 2004; Bell et al., 2009) . However, to our knowledge the current study is the first systematic survey of a comprehensive collection of clinically used drugs and drug-like compounds in an in vitro model of TBI, with the declared goal of identifying compounds with neuroprotective potential. In order to mimic the clinical conditions (where the onset of TBI is not predictable, and treatments are typically administered with a time delay following TBI onset), special attention was paid to ensure that the administration of the test compounds in the screen was delayed relative to the RSI/H 2 O 2 challenge.
As expected, our in vitro TBI model induced marked alterations in the cells; not only net outcome variables of cell injury (flow cytometric identification of late apoptotic and necrotic cell populations; the latter population likely contributing to the LDH release into the medium), as well as a wide array of pathophysiological and adaptive alterations (e.g. marked changes in gene expression and proteomic signature), as well as a significant dysfunction of mitochondrial parameters (measured, in detail, by Extracellular Flux Analysis, also indicated by the decreased ability of MTT conversion and reduced intracellular ATP levels) was noted.
The screen identified six compounds that improved both parameters of our medium-throughput in vitro TBI screen (i.e. attenuated LDH release and increased MTT conversion), five of which (rifampicin, indapamide, captopril, etoposide and, to a lesser extent, D-camphor) were reproduced in subsequent dose-response studies. The well-known antibiotic rifampicin, which protected the neurons in the concentration range of 3-30 μM, was subjected to further characterization, and its neuroprotective effect was also confirmed in a second model (in human stem cell derived neurons). In this model, higher levels of stretch induce rapid cell death (necrosis/apoptosis), whereas at the pressure settings applied in the current study, a more delayed mode of injury (characterized by loss of neurites, as well as some cell necrosis, as shown by LDH release) occurs . In this model (where stretch was the only stimulus applied, and no additional exogenous oxidants were administered), rifampicin attenuated LDH release, protected against the loss of neurite length and maintained neuron-specific class III β-tubulin immunoreactivity. The other four compounds remain to be further investigated in the context of TBI; it should be noted, nevertheless, that earlier studies in various models have demonstrated both neuroprotective effect of captopril as well as exacerbation of neuronal injury (Werner et al., 1991; Fukuda et al.,
Figure 9
Rifampicin reduces the percentage of late apoptotic and necrotic cell population after in vitro TBI in differentiated B35 cells and improves bioenergetic parameters. (A) Treatment with increasing concentrations of rifampicin (10 to 100 μM, applied at 1 h post in vitro TBI) produced a reduction in the percentage of apoptotic cells detected by flow cytometry. Results of a representative flow cytometry experiment are shown. (B) Rifampicin protects against the in vitro TBI induced impairment in bioenergetic parameters, assessed by Extracellular Flux Analysis, in differentiated B35 cells. Data are shown as mean AE SEM, n = 5. *P < 0.05, significant deleterious effect of the in vitro TBI challenge compared to control (non-TBI subjected) neurons; #P < 0.05, significant protective effect of rifampicin on the indicated bioenergetic parameters. I López-García et al. 2010; Harford-Wright et al., 2010; Smeda and Daneshtalab, 2011) ; indapamide has also been demonstrated to exert neuroprotective effects in stroke-prone spontaneously hypertensive rats (Biagini et al., 1997) . In contrast, etoposide has previously been reported to exert deleterious, rather than neuroprotective effects in various models (Muramoto et al., 2003; Di Giovanni et al., 2005) .
BJP
In the next part of the current study, we have examined the mode of rifampicin's action. First of all, rifampicin reduced cell necrosis and apoptosis and improved cellular bioenergetics, consistently with the results of the screening parameters (LDH release is typically considered a consequence of cell necrosis, while reduced MTT conversion a consequence of reduced mitochondrial activity) (reviewed in: Szabo, 2005; Dranka et al., 2011) . The mode of action in the current model does not appear to involve protein phosphatase 2A (a previously identified secondary target of rifampicin) (Park et al., 2008) , but it may, at least in part, include an
Figure 10
Protection of rifampicin against RSI in human neural stem cell-derived neurons. (A) One day after a RSI with or without rifampicin pretreatment, cells were stained with Fluro-Jade C (green). (B) Four days after injury, neurons were labelled by TuJ-1 antibody (red). Veh: vehicle control. Scale bars, 20 μm. Blue, DAPI nuclear counterstain. Data are shown as mean AE SEM, n = 5. *P < 0.05, significant differences between the indicated groups.
antioxidant action, because rifampicin was found to also inhibit neuroinjury elicited by high-dose hydrogen peroxide. However, it is also possible that rifampicin acts at a further common downstream point from either the in vitro TBI stimulus applied (i.e. RSI and oxidative stress) or the higher concentration of H 2 O 2 applied. It should also be mentioned that rifampicin was protective in the human stem cellderived neuronal model, where exogenous oxidants were not used, only RSI alone. Although the precise mechanism of its neuroprotective actions remain to be further elucidated, our findings are consistent with prior observations reporting both the antioxidant effect of this antibiotic (Wasil et al., 1988; Tomiyama et al., 1996) as well as its neuroprotective effects in vitro and in vivo (Tomiyama et al., 1996; Kilic et al., 2004; Loeb et al., 2004; Yulug et al., 2004; Yulug et al., 2014) , although the exact mode of its action (independent of its antibiotic effect) has not yet been clarified; it has been proposed that antioxidant effects, inhibition of β-amyloid aggregation, modulation of pro-and anti-apoptotic factors and modulation of glucocorticoid receptors may contribute (reviewed in Yulug et al., 2014) . Most relevant to the subject of the current paper are the prior studies with rifampicin in rodent stroke models . In anaesthetized male C57BL/6j mice, rifampicin was tested in a model of 24 h permanent occlusion, where the drug was applied intraperitoneally prior to occlusion. The dose of 20 mg·kg À1 was effective, while the lower dose of 5 mg·kg À1 was not.
Rifampicin (20 mg·kg À1 ) was also found effective in a model of 30 min of transient ischaemia followed by 24 h of reperfusion; in this model, the drug was administered intraperitoneally immediately prior to reperfusion . Delayed administration of rifampicin has not yet been tested in stroke models. The study by Yulug and colleagues did not explore the mechanism of neuroprotection in detail; the administration of rifampicin was not associated with changes in cerebral blood flow. The rifampicin-induced increase in the number of surviving neurons has been suggested to be related either to its antioxidant effects of rifampicin or perhaps related to its previously reported (Yerramasetti et al., 2002) effects on glucocorticoid receptors and consequent antiapoptotic actions (Gollapudi et al., 2003) . Although rifampicin is typically used as an oral drug, it has also been previously administered intracerebroventricularly in special cases (e.g. bacterial meningitis), where it produces micromolar concentrations of the drug in the CSF (Brouwer and van de Beek, 2013; Te Brake et al., 2015) . When considering repurposing of rifampicin for TBI, one may consider the intracerebroventricular route, in order to maximize its CNS concentration.
As TBI is a complex in vivo process, in vitro approaches, including the current screening assay, have a number of obvious limitations. First of all, it only considers one particular cell (neuron), while. in the in vivo TBI process. a multitude of interacting cell types play pathogenetic roles. Second, it only utilizes one particular combination of stimuli (RSI and low-level oxidative stress); obviously in the in vivo TBI, multiple stimuli are involved. Third, the model only captures early events (cell necrosis/apoptosis/mitochondrial dysfunction); the processes that are involved in later events (e.g. subchronic and chronic neurodegeneration) are clearly different, and remain to be studied in other assays. Fourth, the timing of the drug administration in the screen only involved one time point; it is possible that screening with drugs administered at different (earlier or later) time points may have produced different sets of 'hit' compounds.
We conclude that the current model is suitable for medium-throughput screening to identify compounds with neuroprotective potential. The screen identified rifampicin as a neuroprotective agent, which exerts its effects by attenuating neuronal apoptosis and necrosis and preventing mitochondrial dysfunction. Because neuroprotective concentrations of rifampicin may be achievable in vivo, and it has adequate safety profile and CNS uptake, this drug may be a candidate for repurposing for the therapy of TBI.
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